Using tapered fibers of As2Se3 chalcogenide glass, we produce photon pairs at telecommunication wavelengths with low pump powers. We found maximum coincidences-to-accidentals ratios of 2.13 ± 0.07 for degenerate pumping with 3.2 µW average power, and 1.33 ± 0.03 for non-degenerate pumping with 1.0 µW and 1.5 µW average power of the two pumps. Our results show that the ultrahigh nonlinearity in these microwires could allow single-photon pumping to produce photon pairs, enabling the production of large entangled states, heralding of single photons after lossy transmission, and photonic quantum information processing with nonlinear optics.
Photon pair sources are the simplest and most abundant devices used to produce quantum entanglement [1] , and are normally based on nonlinear optical effects that require large input light intensities. With highly efficient photon sources, it becomes possible to use spontaneous parametric down-conversion (SPDC) or four-wave mixing (FWM) acting on single photons as pumps in later stages of quantum information experiments [2, 3] , enabling advanced protocols like loophole-free Bell tests via photon heralding [4] and photonic quantum computing [5] .
However, the conversion efficiency of one pump photon into a pair through SPDC in χ (2) media has not substantially increased [6, 7] beyond 10 −6 . Focus has shifted to developing efficient FWM in χ (3) fibers and waveguides, using materials with large nonlinearities such as silicon [8] and chalcogenide glasses [9, 10] , and also using resonator-enhanced processes [11, 12] , atomic vapors [13] , and microstructured silica fibers [5] . These would allow non-degenerate pumping with a single photon and strong pump to produce pairs.
Unfortunately, none of these sources is totally suitable for converting single photons to pairs, and it remains a challenge to design the device that offers the highest efficiency with convenient operation and low noise. Silica devices cannot reach sufficiently high efficiency due to low nonlinearity [14] , and though silicon exhibits much lower noise [15] , it suffers from two-photon and freecarrier absorption [16] , limiting the maximum useable pump power. Enhancing the nonlinearity through resonators or using atomic vapors requires the input photon to be narrowband, limiting the types of initial sources for this photon.
Here we demonstrate production of photon pairs in tapered As 2 Se 3 microwires, capable in principle of converting a broadband single photon into a pair with 10 −3 probability [17] . First we characterize the four-wave mixing properties of the microwires, then we produce photon pairs from degenerate pumping, and finally produce pairs * emeyersc@uwaterloo.ca from low-power non-degenerate pumps, as would be required for a single-photon-pumping experiment.
Our microwires combine a high nonlinear coefficient [18] (n 2 = 1.1 × 10 −17 m 2 /W) with low crosssectional area (0.24 µm 2 ) to produce a large waveguide nonlinear parameter (γ = 188 W −1 m −1 ), ∼100 000 times larger than standard silica fibers, and ten times larger than As 2 S 3 chalcogenide waveguides [10] . Furthermore, in contrast to on-chip waveguides, microwires are dropin compatible with existing single-mode silica fiber, are made with lengths up to tens of centimeters, and demonstrate low loss. Coupling to the microwire is accomplished by gluing standard single-mode fiber (SMF) to the chalcogenide step-index fibers on either side of the tapered region. A coating of poly(methyl methacrylate) (PMMA) increases the mechanical robustness and influences the phasematching properties of the microwires. Broadband phasematching of up to 190 nm bandwidth at telecommunication wavelengths has been shown using classical four-wave mixing [19] . The tapered fiber used in this work has a 12 cm long microwire with a diameter of 550 nm, with total inser-tion loss including pigtails of 10 dB. We estimate the breakdown of the losses as follows: inside the microwire, 5 dB due to sidewall roughness, absorption of the evanescent field by the polymer coating, and mode conversion in the tapering sections; at the SMF-chalcogenide interfaces, 0.5 dB per interface due to Fresnel reflection, and 2 dB per interface due to mode mismatch because the glued pigtails have been disrupted by transport. Losses per SMF-chalcogenide interface as low as 0.66 dB have been reported [20] . Figure 1 shows the phasematching profile of our microwire at ∼1550 nm, far from any zero dispersion wavelength, for a degenerate pump (a) and for two nondegenerate pumps 13 nm apart (b). These data were obtained by pumping and seeding with continuous-wave lasers with 190 µW coupled power (inferred power inside the microwire after accounting for coupling losses) each. For the degenerate case, the seed laser was scanned to the shorter wavelength side of the pump, and for the non-degenerate case, the seed was scanned between the two pump wavelengths, leaving a gap in the middle where the seed and signal cross over. In both cases the output signal was filtered through a dense-wave division multiplexer (DWDM) and measured on a power meter. The values reported here have the DWDM losses factored out.
We calculated the expected phasematching and power outputs from a standard four-wave mixing treatment [21] , with the length, diameter, insertion loss, and nonlinear parameter as mentioned above, and calculated loss in the microwire [22] of 5.1 dB/m. In order to find the propagation constant and effective refractive index inside the microwire, we solved the characteristic equation for a step-index fiber with As 2 Se 3 core [18] and PMMA cladding [23] . Even without fitting parameters, the phasematching calculations in Fig. 1 agree with the measured data.
Next we produced photon pairs using a degenerate pump, with the setup shown in Fig. 2 . The output of an optical parametric oscillator at 1553.33 nm with ∼4 ps pulse length and 76 MHz repetition rate was filtered through a DWDM and sent through the tapered chalcogenide microwire. The FWM output signal and idler photons were split into the 1550.12 nm and 1556.56 nm channels of a DWDM, and subsequently filtered in an AWG and DWDM respectively, giving total pump isolation of 118 dB and 122 dB. The signal photon was detected with a free-running InGaAs negative-feedback avalanche photodiode (NFAD) with 10 % detection efficiency and 100 dark counts per second [24] , which gated an id201 InGaAs single photon detector from IDQ for the idler photon, with gate width 50 ns and 20 % efficiency. The gate out and detector channels from the id201 were recorded in a time-tagger to either produce timing histograms between signal and idler, or to filter with a 2 ns timing window to record coincident counts.
The timing histograms in Fig. 3 show the presence of photon pairs, as evidenced by a higher peak at the time delay of 22 ns than the background peaks at other time 
FIG. 2. (Color online)
Experimental setup for the generation of photon pairs with a chalcogenide microwire pumped by one (P1, black) or two (P1 and P2, grey) beams from an optical parametric oscillator (OPO). For non-degenerate pumping, the two pumps were made to be copolarized with polarization controllers (PC) and a fiber polarization beamsplitter (PBS). In both degenerate and non-degenerate cases a final PC sets the polarization entering the microwire. The pump and signal/idler beams were filtered by dense wave-division multiplexers (DWDM) and an arrayed waveguide grating (AWG). The signal photon was detected by a free-running negative-feedback avalanche photodiode (NFAD) which gated the idler's single-photon detector (IDQ). Both signal and idler detection signals were recorded and timestamped by the timetag unit from Universal Quantum Devices, Inc. Inset: Raman scattering noise spectrum of the microwire pumped at a wavelength of 1550 nm. Two minima occur at ±40 nm from the pump [18] . This spectrum includes a 10 nm-wide notch filter with 30 dB blocking centered at 1550 nm. The pump at 1550 nm extends off the top of the graph to −34 dBm, and our spectrometer's sensitivity is limited to −80 dBm.
delays. At the lowest power, detector dark counts at random times become prominent, while at the highest power, accidental coincidences from multiple photon pairs make a large contribution to the noise. When the idler channel is moved to 1558.17 nm (black lines in Fig. 3 ) such that photon pairs detected would not conserve energy and could not be from four-wave mixing, the peak at 22 ns falls to the same height as the others. As seen in Fig. 4(a) , the number of pairs per pulse increases quadratically with pump power, with dropoff seen at high count rates due to the dead time of the NFAD detector. To compare with previous photon pair sources, we calculate the number of pairs produced per second, per nanometer of signal bandwidth, per milliwatt of average pump power as 2.5 × 10 8 pairs/s/nm/mW for the data point with 30 µW pump power. This is significantly above what is possible in χ (2) crystals [25] , and rivals the highest values reported in silicon [26] . Note that our filters had 0.5 nm bandwidth, and milliwatt pump powers are too large to avoid damage to the microwire.
In Fig. 4(b) , the coincidences-to-accidentals ratio reaches its maximum value of 2.13 ± 0.07 at a coupled pump power of 3.2 µW. This ratio is defined as CAR = C/A, where C is the total number of coincident The photon pairs appear in the peak at the time offset between signal and idler detection of 22 ns, which is higher than the accidental coincidence peaks at other delays. In all cases the accidentals peak height is normalized to 1. For the "noise only" measurement (black lines), the filter channels connected to the detectors did not conserve energy with the pump, leading to the disappearance of the legitimate photon pairs. The double peak at 35 ns could be due to the timing electronics in the IDQ detector or timetagger, but no events are lost. counts in the main coincidence peak and A is the number of accidental coincidences, and has a lower bound of CAR = 1 for no timing correlation. At a coupled pump power of 490 nW, the CAR was 1.5 ± 0.2, and statistical significance increased with increasing pump power. Here the coincidences are collected at the 22 ns offset time of Fig. 3 , while the accidentals, which are due to detector dark counts, double-pair emissions from FWM, and Raman and other optical noise, are collected at 9 ns, which allows an estimation of the contribution of accidentals to the main coincidence peak. At low power, the CAR decreases due to the small number of real photon pairs compared to noise photons, and at high power, the CAR slowly decreases due to double-pair emissions from fourwave mixing. The fits to pair probability and CAR come from the FWM calculation described above, which feeds into a quantum-optical simulation including FWM, loss, detector models, and background counts measured with a continuous-wave pump. Here the pump pulse length inside the microwire is used as a fitting parameter and found to be 25 ps.
In order to approach the regime of converting a single photon into a pair, the two pump photons absorbed in the FWM process must be non-degenerate in wavelength. Since FWM probability goes as the product of the pump peak powers, it is important that both pumps be synchronously pulsed, rather than continuous-wave. To demonstrate non-degenerate pumping, we took two outputs from an optical parametric oscillator, passing one through a trombone delay line to synchronize the pulses 
FIG. 5. (Color online)
Timing histograms for photon pair production for non-degenerate pumping. The photon pairs appear in the peak at timing delay 43 ns only for the top two cases, with copolarized and crosspolarized pumps respectively, giving CAR > 1. In the other cases, where FWM is not expected, the peak at 43 ns vanishes and CAR = 1 within error. Here each dataset has had the background "noise only" counts subtracted.
in the microwire as in the grey lines and text in Fig. 2 .
To find evidence of photon pairs with non-degenerate pumping, we took timing histograms as shown in Fig. 5 . We present a number of different scenarios: co-and crosspolarized pumps, changing the delay between the two pumps so they do not overlap in the microwire, and removing either of the pumps. Only the first two cases, with the crosspolarized pumps producing 4/9 the number of pairs of the copolarized pumps [21] , provide a peak at the proper delay after background subtraction, indicat- Photon pairs are only produced when the pumps overlap in the microwire; accidentals measured 13 ns (one pump period) later also increase as the pumps overlap due to multi-pair emissions. Here the accidentals are higher than the coincidences outside the peak because the accidentals were collected from a more efficient part of the IDQ detector's gate. The line on the coincidence data is a gaussian fit which is fed into a FWM simulation to generate the accidentals curve.
ing these photons are due to non-degenerate FWM as desired. The maximum CAR for non-degenerate pumping was 1.33 ± 0.03 with 1.0 µW and 1.5 µW coupled powers of the two pumps, while the CAR for the lowest asymmetric pump power was 1.17 ± 0.06 with coupled pump powers of 480 nW and 1.5 µW.
Unfortunately due to bad phasematching (see Fig. 1 ) and the extra noise brought by having two pumps, these data are not as clear as the degenerate case. A more convincing measurement is one of coincidences and accidentals versus time delay between the two pumps, where photon pairs are produced only when the two pumps overlap, on top a constant background caused by spontaneous Raman scattering. In Fig. 6 , we show these data for P1 = 1551.72 nm, P2 = 1561.42 nm, and the signal and idler wavelengths 1554.13 nm and 1558.98 nm. The coincidence curve is a gaussian fit to the data, which is fed into a quantum-optical FWM simulation that includes higher-order emission but no other nonlinearities to find the expected number of accidentals. The simulated accidentals agree with the data, indicating that the increased accidentals when the pumps overlap are due only to photon emission statistics of the FWM process.
To achieve in future the splitting of a single photon into two will require a single-photon pump of 10 pW average power. Due to the narrow phasematching shown in Fig. 1 , we are currently forced to collect photon pairs in a wavelength region close to the pumps that is contaminated with noise (inset in Fig. 2 ). The lowest pump power for non-degenerate pumping with which we found CAR > 1 was 480 nW. Additionally, reaching 10 −3 conversion efficiency [17] would require an average power for the other pump of 130 µW, whereas we found CAR > 1 for non-degenerate pump power only up to 3 µW. This does not mean that the high conversion efficiency cannot be achieved, but it requires moving the signal and idler much farther in wavelength from the strong pump to avoid noise and broadening their phasematching bandwidths to increase efficiency. By carefully controlling core size and cladding material, it will be possible in future to fabricate microwires with engineered dispersion to reproduce broadband phasematching previously obtained [19] . If the current 0.5 nm photon bandwidth can be expanded to 40 nm, centered 100 nm from the pump, 80 times more efficient conversion is expected. These photon pairs would be produced in the Raman gain dips or even beyond the gain peaks, which would improve CAR drastically as shown in chalcogenide waveguides [27, 28] .
We have presented evidence of photon pairs produced in an As 2 Se 3 chalcogenide microwire for both degenerate and non-degenerate pumping. Because this device is a tapered fibre, the coupling of optical signals in and out is straightforward and stable with room for improvement in efficiency, making the system very interesting for future applications. Through timing analysis of photon pairs, we found that the coincidences-to-accidentals ratio maintains a value of CAR > 1 over a wide range of pump powers, and inferred a maximum pair production rate inside the microwire (limited by detector dead time) of 2.9 × 10 6 pairs/s. We look forward to reducing the background noise by engineering the phasematching conditions and pushing closer to 10 −3 efficiency for converting a single photon into a pair.
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